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The process of e+e− → pp¯ is studied at 22 center-of-mass energy points (√s) from 2.00 to
3.08 GeV, exploiting 688.5 pb−1 of data collected with the BESIII detector operating at the BEPCII
collider. The Born cross section (σpp¯) of e
+e− → pp¯ is measured with the energy-scan technique
and it is found to be consistent with previously published data, but with much improved accuracy.
In addition, the electromagnetic form-factor ratio (|GE/GM |) and the absolute value of the electric
(|GE |) and magnetic (|GM |) form factors are measured by studying the helicity angle of the proton at
16 center-of-mass energy points. |GE/GM | and |GM | are determined with high accuracy, providing
uncertainties comparable to data in the space-like region, and |GE | is measured for the first time.
We reach unprecedented accuracy, and precision results in the time-like region provide information
to improve our understanding of the proton inner structure and to test theoretical models which
depend on non-perturbative Quantum Chromodynamics.
Despite the proton being one of the fundamental build-
ing blocks of atomic matter, its internal structure and
dynamics are not well understood. Improving knowledge
of these properties in terms of the proton’s quark and
gluonic degrees of freedom is one of the most challenging
problems of modern nuclear physics. In addition, un-
solved problems such as the proton-radius puzzle have
recently attracted much attention [1].
The electric and magnetic form factors (FFs), GE(q
2)
and GM (q
2), are fundamental quantities that can provide
valuable insight to both the structure and dynamics of
nucleons. FFs enter explicitly in the coupling of a virtu-
al photon with the hadron electromagnetic current, and
measurements can be directly compared to hadron mod-
els [1] giving, thereby, constraints in the description of
the internal structure of hadrons. In the space-like (SL)
kinematic region (momentum transfer q2 < 0), FFs have
been studied in various electron-proton scattering experi-
ments (Fig. 1 (a)) since the seventies, and are known with
uncertainties of the order of a few percent. Over the past
two decades several experiments have performed mea-
surements that probe the time-like (TL) region (q2 > 0),
measured in annihilation reactions (Fig. 1 (b)). In most
cases these measurements only extracted the effective FF
or the ratio of GE and GM with uncertainties above 10%.
Since the FFs in the SL and TL regions are connected via
analyticity, precise knowledge of them in the TL region
can help to solve problems in the SL region, such as the
discrepancy found between the ratio GE/GM determined
via Rosenbluth separation and that found by experiments
using polarized electron beams or targets [2].
The moduli of the FFs can be determined from the
study of the angular distribution of the annihilation pro-
cess [3], while the relative phase between the two FFs
can be determined by measuring the polarization of the
outgoing baryons.
 ⇤q2 < 0
e 
B
e 
B
 µ
 µ(q)
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FIG. 1. Lowest-order Feynman diagrams for elastic electron-
baryon scattering e−B → e−B (a), and for the annihilation
process e−e+ → BB (b). B is a baryon.
The Born differential cross-section as a function of the
e+e− center-of-mass (c.m.) energy squared s reads [3]
dσpp¯(s)
dΩ
=
α2βC
4s
[
|GM (s)|2(1 + cos2 θ)
+
4m2
s
|GE(s)|2 sin2 θ
]
,
(1)
where GE and GM are the Sachs FFs, θ is the po-
lar angle of the proton in the e+e− c.m. frame, m is
4the proton mass and β =
√
1− 4m2/s. The Coulomb
enhancement factor, C, accounts for the electromag-
netic interaction between the outgoing baryons. This
factor is usually considered as a final-state interaction
and it is C = y/(1 − e−y) for point-like fermions with
y = piα
√
1− β2/β. Since the Coulomb interaction is
long range, a point-like correction is assumed when the
two charged baryons are far apart.
In the TL region, the proton FFs can be accessed by
three reactions: e+e− → pp¯ [4–10], pp¯ → e+e− [11–13],
and the radiative-return process e+e− → pp¯γISR [14, 15].
While there are many, generally consistent, measure-
ments concerning the total σpp¯, there are a few and
inconsistent data on the ratio |GE/GM |, mostly from
PS170 [11] and BaBar [14]. So far only two experi-
ments [8, 11] have been able to extract the absolute value
of |GM |, which together with the knowledge of |GE/GM |
allows |GE | to be determined.
Precise measurements of FFs in the TL region may also
be helpful for improved theoretical estimates of the pro-
ton radius [16, 17]. From threshold energies to 3 GeV,
the amplitude for the process is the sum of a leading term
due to a bare formation process taking place on a time
scale 1/
√
q2, and a relatively small perturbation associ-
ated with rescattering processes taking place on a longer
time scale [16]. The combination of these effects is ex-
pected to lead to interesting phenomenology, in particu-
lar the superposition of small oscillations on an otherwise
smooth evolution.
In this Letter, we present a study of the process
e+e− → pp¯ at c.m. energies √s = 2.00 − 3.08 GeV, in-
cluding a measurement of the Born cross section (σpp¯),
the electromagnetic FF ratio (|GE/GM |), as well as, for
the first time, the absolute value of the electric (|GE |) and
magnetic (|GM |) FF of the proton using the energy-scan
technique. The precision of our measurement is greatly
improved with respect to that of previous experiments.
Our results in the TL region have unprecedented preci-
sion with uncertainties comparable to FF measurements
in the SL region.
The collision data were taken with the BESIII spec-
trometer at BEPCII. A detailed description of the de-
tector and its performance can be found in Ref. [18].
The detector response, including the interaction of sec-
ondary particles with the detector material, is simulat-
ed using a Geant4 [19] based program. Monte Carlo
(MC) generated data samples of 2.5 million e+e− → pp¯
events per energy point were produced with ConExc [20]
for the efficiency determination and to calculate the cor-
rection factors for radiation up to next-to-leading order
(NLO), as well as those for the vacuum polarization. MC
samples of QED background processes generated with
Babayaga [21] and inclusive hadronic events generated
with ConExc [20] are used for background studies.
The final state of the process of interest is character-
ized by one proton and one antiproton. Hence, selected
events must have exactly two charged tracks with op-
posite charge. A vertex fit is performed on both tracks
under the hypothesis that the two particles in the final
state are a proton and an antiproton to constrain them to
one common vertex. A fit quality of χ2 < 100 is required
to select candidate events. The opening angle between
the proton and antiproton in the rest frame of the e+e−
c.m. system is required to be > 170◦ at 2.00 GeV and
2.05 GeV, > 175◦ at 2.1000 to 2.3094 GeV, and > 178◦
at 2.3864 to 3.0800 GeV. This condition ensures a back-
to-back signature between the tracks. Cosmic-ray back-
ground is rejected by requiring |Ttrk1 − Ttrk2| < 4 ns,
where Ttrk1 and Ttrk2 are the measurements from the
time-of-flight system (TOF) for each track. For
√
s be-
tween 2.125 and 2.396 GeV, events are selected even if
one of the two tracks does not hit the TOF because of its
low momentum. Finally, both tracks are required to be
within an asymmetric momentum window around the av-
erage momentum, pmean, determined from a fit to the mo-
mentum distribution after being boosted into the e+e−
c.m. system, namely (pmean − 4σ) < p < (pmean + 3σ),
where the spread σ (standard deviation) is taken from
the fit.
Particle identification (PID) is performed using the
TOF and the dE/dx measurement from the main drift
chamber (MDC). At c.m. energies above 2.175 GeV this
information is used to construct a probability for each
track to conform to a particular (pion, kaon, electron
or proton) particle hypothesis to select the proton and
antiproton candidates. For events at lower c.m. ener-
gies the selection is made based on the normalized pulse
height of the raw dE/dx information. To remove Bhabha
events, a requirement on E/p, defined as the ratio be-
tween the energy deposited by the track in the electro-
magnetic calorimeter (EMC) and its momentum mea-
sured in the MDC, is imposed for energy points above
2.150 GeV. Possible contamination from QED processes
and hadronic final states are estimated to be less than
0.5% from studies performed on appropriate MC sam-
ples, and are neglected in the subsequent analysis.
With the number of events Nobs selected as described
above, the cross sections σpp¯ of the process e
+e− → pp¯
can be calculated with
σpp¯(s) =
Nobs
L ·  · (1 + δ) , (2)
where the efficiency  and the initial-state radiation (ISR)
factor (1 + δ) are determined with MC simulations as
described earlier. The ISR factor is determined from
(1 + δ) = σobsσBorn , where both the cross section including
ISR (σobs) and the Born cross section (σBorn) are tak-
en from the ConExc calculation. Results for the σpp¯
measurement are summarized in Table I.
The FFs |GE | and |GM |, or equivalently their ratio
|GE/GM | and |GM |, can be determined from a fit to
the proton angular distribution for energy points with
a sufficiently high number of selected candidates. This
is the case for 16 out of 22 energy points, as well as
a combined sample of the individual data sets taken at
c.m. energy points of 2.950, 2.981, 3.000 and 3.020 GeV
5with a luminosity weighted average energy of 2.988 GeV.
The range of the angular analysis has been limited to
cos θ from −0.8 to 0.8, because of the lack of efficiency
in the gap between the barrel and end cap regions of
the TOF and EMC. The formula used to fit the proton
angular distribution, deduced from Eqs. (1) and (2), can
be expressed as
dN
 (1 + δ)× d cos θ =
Lpiα2βC
2s
|GM |2
[(
1 + cos2 θ
)
+
4m2
s
∣∣∣∣GEGM
∣∣∣∣2 (1− cos2 θ)], (3)
where (cos θ) is the angular-dependent efficiency ob-
tained from MC simulations by dividing the distribution
of selected events in cos θ by the distribution of generated
events. The ISR factor, (1+δ)(cos θ), is calculated by di-
viding the cos θ distribution of a MC sample of the signal
process generated with ISR up to NLO by the distribu-
tion of a sample generated with the Born process alone.
A control sample of e+e− → pp¯pi+pi− events is studied
to determine correction factors for discrepancies between
data and MC in the angular-dependent efficiency.
After applying these corrections, the | cos θ| distribu-
tion is fitted with Eq. (3). The results at 2.125 GeV and
2.396 GeV are shown in Fig. 2, while the results for all
energy points are summarized in Table I.
The model used in the MC simulation takes as input
σpp¯(s) and |GE(s)/GM (s)|. Therefore, the correction fac-
tors, and hence the measurements themselves, have a sig-
nificant dependence on these inputs. For this reason, the
complete analysis is performed in an iterative manner,
where the obtained results are fed back into the MC sim-
ulation. After three iterations, the results for σpp¯(s) and
|GE(s)/GM (s)| are stable to within 1%.
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FIG. 2. Fit to the | cos θ| distributions at 2.125 GeV and
2.396 GeV after the application of angular-dependent (1+δ)
factors.
Several sources of systematic uncertainties are consid-
ered in the determination of σpp¯. The uncertainty associ-
ated with the knowledge of the reconstruction efficiency
of the two charged tracks, as well as from the PID effi-
ciency and the E/p selection criteria, are studied with the
e+e− → pp¯pi+pi− control sample. The difference of the
efficiency measured in data and MC is assigned as the un-
certainty, and it is found to be 1.0% for both tracking and
PID, and 0.2% for the E/p selection. The uncertainties
due to the selection on the TOF difference between the
tracks, the angle between the tracks and the momentum
window are studied by varying the selection criteria. The
uncertainty associated with the residual background con-
tamination is estimated by comparing the populations of
data and MC in a momentum window of the same size as
the signal region, but separated by 1σ. The uncertainty
from the luminosity measurement is taken from Ref. [23].
The uncertainty due to the iterative MC-tuning proce-
dure is assigned to be the difference between the nominal
result and the results from the second-iteration step. To
assess the size of any bias from the choice of the used
FF model in the MC simulations, we use the model from
PHOKHARA [24] to generate an alternative set of MC
events. The difference in the final result obtained with
this new model and the default one is taken as the un-
certainty.
Many of the uncertainties in the |GE/GM | measure-
ment are assigned with the same method as used in the
cross-section analysis. This is true for all selection re-
quirements, the uncertainties associated with the back-
ground, the iterative fit procedure, and the model used
in the MC simulation. To account for the any imperfec-
tions due to asymmetries between the fit model and the
observed angular distributions, we fit the cos θ distribu-
tions instead of the | cos θ| ones and assign the difference
as an uncertainty. The uncertainty from the luminosi-
ty measurement is taken as an independent systematic
component for |GM |. The total systematic uncertainties
on |GE/GM | ranges from 0.79% to 6.91%, while the total
systematic uncertainties on |GM | ranges from 0.54% to
2.51%.
We study the energy dependence of σpp¯ by fitting the
expression
σpp¯(s) =

ea0pi2α3
s
[
1− e−piαs(s)β(s)
] [
1 +
(√
s−2mp
a1
)a2] ,
√
s ≤ 2.2324 GeV,
2piα2β(s)C
[
2 +
(
2mp√
s
)2]
e2a3
3s5
[
4 ln2
(√
s
a4
)
+ pi2
]2 ,
√
s > 2.2324 GeV,
(4)
where αs(s) is the strong coupling constant and α is the
electromagnetic constant. The running coupling constant
αs(s) is parameterized as follows:
αs(s) =
[
1
αs(m2Z)
+ 74pi ln
(
s
m2Z
)]−1
, (5)
where mZ = 91.1876 GeV is the mass of the Z boson
and αs(m
2
Z) = 0.11856 is the strong coupling constant
at the Z pole. Near the pp¯ threshold, an alternative ap-
proach to the Coulomb enhancement factor should be
considered in the cross section; concerning BB¯, we have
proposed gluon exchange. At large momentum trans-
fer, the cross section is computed in perturbative QCD
6to leading order. Eq. (4) takes into account strong-
interaction effects near threshold in a manner dependent
on the perturbative-QCD prediction in the continuum
region away from the threshold [16]. Correlations be-
tween the systematic uncertainties of the measurements
at each energy point are taken into account. The re-
sults and meaning of the fit parameters are as follows:
a0 = 0.82± 0.11 and a3 = 4.02± 1.22 are normalization
constants, a1 = 0.35 ± 0.02 GeV is the QCD parameter
near the threshold, a2 = 4.26± 0.59 is the σpp¯ power-law
dependence, which is related to the number of valence
quarks, and a4 = 0.49
+0.98
−0.49 GeV is the QCD parameter
ΛQCD in the continuum region. The data points and re-
sults of these fits are shown in Fig. 3 together with the
data points for |GE/GM |, |GE | and |GM |.
This paper presents the most accurate measurement of
the differential Born cross section of the process e+e− →
pp¯, σpp¯, for c.m. energies in the interval from 2.00-
3.08 GeV. The uncertainties are dominated by system-
atics and range from 3.0% to 23.5%, respectively. Our
data for dσpp¯ is found to be in a good agreement with
previously published results. The FF ratio |GE/GM | is
measured with total uncertainties around 10% for scan
points ranging from low to intermediate energy. For the
first time, the accuracy of the measured FF ratio in the
TL region is comparable to that of data in the SL re-
gion. We have obtained an update of the FF measure-
ment, especially for the ratio |GE/GM |, at c.m. energies
of 2.2324 and 3.0800 GeV. We have tested the Coulomb
enhancement factors hypothesis which depends on non-
perturbative QCD. Our measurement strongly favors the
result of BaBar [14] over that of PS170 [11]. The mag-
netic form-factor |GM | is measured for the first time over
a wide range of energies with uncertainties of 1.8% to
3.6%, greatly improving the precision compared to pre-
vious measurements.
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7TABLE I. The integrated luminosity, the number of pp¯ events, the Born cross section σpp¯, |GE/GM |, |GE | and |GM |.
√
s[GeV] L[pb−1] Nobs σBorn[pb] |GE/GM | |GE |[10−2] |GM |[10−2]
2.0000 10.074± 0.067 5321 841.3± 11.5± 24.8 1.38± 0.10± 0.03 33.66± 1.23± 0.31 24.38± 0.99± 0.26
2.0500 3.343± 0.027 1703 753.4± 18.3± 23.5 1.24± 0.16± 0.04 29.10± 2.08± 0.40 23.48± 1.43± 0.42
2.1000 12.167± 0.085 5993 712.6± 9.2± 21.4 1.27± 0.09± 0.02 28.07± 1.10± 0.31 22.08± 0.74± 0.17
2.1250 108.490± 0.970 50312 660.0± 3.0± 19.7 1.18± 0.04± 0.01 25.62± 0.49± 0.18 21.65± 0.31± 0.13
2.1500 2.841± 0.024 1189 588.8± 17.1± 17.8 1.62± 0.24± 0.06 28.32± 1.89± 0.46 17.48± 1.51± 0.37
2.1750 10.625± 0.091 3762 491.0± 8.0± 14.8 1.19± 0.12± 0.02 22.08± 1.28± 0.28 18.55± 0.75± 0.16
2.2000 13.699± 0.092 4092 411.6± 6.4± 12.3 1.08± 0.10± 0.02 18.93± 1.20± 0.28 17.60± 0.63± 0.12
2.2324 14.501± 0.090 3644 341.9± 5.7± 10.1 0.85± 0.11± 0.03 14.48± 1.39± 0.42 16.98± 0.57± 0.17
2.3094 21.089± 0.143 2336 148.0± 3.1± 5.7 0.55± 0.16± 0.02 6.61± 1.72± 0.25 11.99± 0.44± 0.14
2.3864 22.549± 0.176 1851 122.0± 2.8± 3.6 0.54± 0.19± 0.02 5.98± 1.87± 0.19 10.99± 0.44± 0.07
2.3960 66.869± 0.475 5514 121.9± 1.6± 3.6 0.76± 0.10± 0.02 7.93± 0.86± 0.21 10.48± 0.27± 0.07
2.5000 1.098± 0.009 55 77.9± 10.5± 4.1 − − −
2.6444 33.722± 0.216 867 39.7± 1.3± 1.2 0.97± 0.24± 0.05 5.84± 1.13± 0.24 5.99± 0.37± 0.11
2.6464 34.003± 0.282 838 38.2± 1.3± 1.2 0.87± 0.27± 0.04 5.18± 1.30± 0.21 5.99± 0.37± 0.11
2.7000 1.034± 0.007 20 29.8± 6.7± 1.6 − − −
2.8000 4.761± 0.028 68 22.0± 2.7± 1.0 − − −
2.9000 105.253± 0.905 1010 15.0± 0.5± 0.5 0.54± 0.34± 0.03 2.31± 1.39± 0.11 4.29± 0.21± 0.06
2.9500 15.942± 0.143 118 11.7± 1.1± 0.4
0.96± 0.39± 0.06 3.25± 1.09± 0.17 3.37± 0.28± 0.062.9810 16.071± 0.096 131 12.9± 1.1± 0.5
3.0000 15.881± 0.110 92 9.2± 1.0± 0.3
3.0200 17.290± 0.123 97 9.0± 0.9± 0.3
3.0800 157.204± 0.943 858 9.0± 0.3± 0.3 0.47± 0.45± 0.04 1.64± 1.53± 0.12 3.47± 0.18± 0.03
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FIG. 3. Results from this analysis (red solid squares) including statistical and systematic uncertainties for (a) the e+e− → pp¯
cross section and a fit through the data (blue solid line); χ2 =
∑
i[f(xi, ai)− yi]2/err2i , where erri is the error of σpp¯ including
statistical and correlated systematic uncertainties, f is the fit function depending on the parameters ai, n.d.f. is the number
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